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Raleigh, NC 27695-7614, United States.Targeting of Saccharomyces cerevisiae Cdc24p to polarized growth sites is essential for its function.
Localization of GFP-tagged Cdc24 proteins or fragments was assayed in deletion mutants of Cdc24p-
interacting proteins. The boi2D, ent2D, and hua1D mutants showed localization defects. The tos2D
skg6D double mutant displayed aberrant pre-anaphase localization to the mother-bud neck region.
The same aberrant pattern was seen when potential phosphorylation sites Ser697, Thr704, and
Tyr200 were mutated. The S697A mutation also resulted in phosphorylation defects in vivo. These
data support roles for Boi2p, Ent2p, Hua1p, Tos2p, and for Cdc24p phosphorylation in targeting
Cdc24p to growth sites.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The Saccharomyces cerevisiae guanine nucleotide exchange fac-
tor (GEF) Cdc24p activates the Rho GTPase Cdc42p, leading to the
generation and maintenance of cell polarity [1,2]. Cdc24p is a
peripheral membrane protein that is targeted to incipient bud
sites, tips of enlarging buds pre-anaphase, and the mother-bud
neck region post-anaphase, as well as to the nuclei of mother
and daughter cells post-anaphase [3–5]. Cdc24p cell cycle-depen-
dent localization is regulated, in part, through phosphorylation of
Cdc24p and other polarity establishment proteins. Phosphoryla-
tion of Cdc24p depends on the Cdc28p cyclin-dependent kinase
(CDK) [6–8] and the Cla4p p21-activated kinase (PAK) [6,8]. Phos-
phorylation of Boi2p, which interacts with Cdc24p [9], also affects
targeting [7]. Tos2p, which has a role in anchoring Cdc24p at
growth sites [10], and its homolog Skg6p are also in vitro targets
of CDK phosphorylation [11].
A 56-amino acid targeting domain (TD; aa 647–703) is neces-
sary and sufﬁcient for Cdc24p targeting [10]. Cdc24p is maintained
at these sites through protein interactions with its anchoring do-
main (AD; aa 704–854) [10]. The TD–AD are proposed to interact
in a multi-protein complex with Bem1p, Rsr1p, Tos2p and possibly
other proteins [10]. To address this possibility, the localization ofchemical Societies. Published by E
hnson).
h Carolina State University,GFP-tagged full-length Cdc24p and truncated Cdc24-647-854p
was assayed in deletion mutants of known Cdc24p-interacting pro-
teins. We also identiﬁed key amino acid residues within the TD–AD
and the calponin-homology (CH) domain (aa 154–226) that func-
tion in Cdc24p localization, possibly through a phosphorylation
mechanism.
2. Materials and methods
Saccharomyces cerevisiae strains (Table 1) were grown in syn-
thetic complete (SC) medium as previously described [12]. Site-di-
rected mutagenesis was performed in plasmids p415MET(GFP-
CDC24) and p415MET(GFP-CDC24647–854) [10] using the Quik-
Change kit (Stratagene, La Jolla, CA). All mutations were veriﬁed
by the Vermont Cancer Center DNA Sequencing Facility.
Cells expressing GFP-tagged Cdc24 proteins were grown in low-
ﬂuorescence (LF) [13] SC liquid medium to mid-log phase and
viewed using differential interference contrast optics as previously
described [12]. Photomicrograph collages were prepared in Adobe
Photoshop CS. Percentages of cells with aberrant pre-anaphase
localization (n = 100) were quantiﬁed independently by two inves-
tigators. Reported percentages were averages of two quantiﬁca-
tions, which were within ±5% of each other.
For immunoblot experiments, a 1:2000 dilution of mouse a-GFP
antibody (Roche Pharmaceuticals) and a 1:5000 dilution of goat a-
mouse horseradish peroxidase (HRP) (Sigma, St. Louis, MO) were
used to detect GFP-tagged proteins. For immunoprecipitation
experiments, 1 mg of protein lysate was incubated with 10 mllsevier B.V. All rights reserved.
Table 1
S. cerevisiae strains used in this study.
Strain or
ORF
Genotype Source
BY4741 MATa his3 leu2 met15 ura3 [20]
RG5874 MATa his3 leu2 met15 ura3 tos2::G418 Research
Genetics
NTY372 MATa his3 leu2 met15 ura3 tos2::G418
skg6::HIS3
[20]
NTY357 MATa his3 leu2 met15 ura3 skg6::HIS3 [20]
RG3111 MATa his3 leu2 met15 ura3 boi1::G418 Research
Genetics
YER114cD MATa his3 leu2 met15 ura3 boi2::G418 Open
Biosystems
YDL161wD MATa his3 leu2 met15 ura3 ent1::G418 Open
Biosystems
YLR206wD MATa his3 leu2 met15 ura3 ent2::G418 Open
Biosystems
YIL079cD MATa his3 leu2 met15 ura3 air1::G418 Open
Biosystems
YDR264cD MATa his3 leu2 met15 ura3 akr1::G418 Open
Biosystems
YGR268cD MATa his3 leu2 met15 ura3 hua1::G418 Open
Biosystems
YKL130cD MATa his3 leu2 met15 ura3 she2::G418 Open
Biosystems
Fig. 1. The boi2D, ent2D, and hua1D mutants affect Cdc24p localization. (A) Wild-
type, boi2D, ent2D, and hua1D mutant cells expressing truncated GFP-Cdc24-647-
854p were grown in LF-SC medium to mid-log phase and observed by ﬂuorescence
microscopy. (B) Wild-type, boi2D, ent2D, and hua1D mutant cells expressing full-
length GFP-Cdc24p were grown and observed as above. Arrows mark ent2D and
hua1D cells with proper GFP-Cdc24p localization. Asterisks mark hua1D cells with
aberrant punctate cortical localization.
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400 ml of NP-40 lysis buffer, followed by incubation with 50 ll of
Protein-G Agarose (Roche Pharmaceuticals) overnight at 4 C. Cen-
trifuged pellets were washed 1 in NP-40 lysis buffer; 1 in
50 mM Tris, pH 7.5, 500 mM NaCl, 0.1% NP-40, 0.05% sodium
deoxycholate; 1 in 10 mM Tris, pH 7.5, 0.1% NP-40 0.05% sodium
deoxycholate, and 2 in 10 mM Tris, pH 7.5. Samples treated with
10U of calf alkaline phosphatase (New England Biolabs, Ipswich,
MA) were suspended in 100 ml of 1 NEB#3 for 2 h at 37 C and
washes were repeated, as above. Two hundred microliters of
ASB-14 Buffer (7 M urea, 2 M thiourea, 2% ASB-14, 0.5% Triton X-
100, 20 mM DTT) was added for 20 min. at 25 C with agitation
to elute mouse anti-GFP-Cdc24p complexes, and then 0.2% 3/10
ampholyte and 0.0002% bromophenol blue were added. After cen-
trifugation, 185 ll of the supernatant was used to hydrate an
11 cm ReadyStrip IPG 5–8 (pH 5–pH 8; Bio-Rad Laboratories; the
pI of Cdc24-647-854p was predicted to be 6.2) for 12–15 h, fol-
lowed by 2-D electrophoresis in the PROTEAN IEF System (Bio-
Rad Laboratories). Isoelectric focusing conditions were: (rapid
DV) S1 250 V for 15 min., S2 8000 V 1 h, S3 8000 V for 20 000
vhours, S4 500 V hold. IPG strips were then resolved by 10% SDS–
PAGE.
3. Results and discussion
In an asynchronous culture, 30% of wild-type S. cerevisiae cells
show Cdc24p localization to polarized growth sites (Fig. 1). A sub-
set of Cdc24p-interacting proteins (identiﬁed from [9,14,15] and
the SGD, BioGrid [16] and BioPixie [17] databases) were tested
for their involvement in Cdc24p localization using a series of hap-
loid deletion mutants (Table 2). The boi1D, ent1D, and skg6D mu-
tants were also tested because their homologues interact with
Cdc24p. Cdc24-647-854p and full-length Cdc24p were properly
localized in wild-type cells (Fig. 1A and B) and in seven ( air1D,
akr1D, boi1D, ent1D, she2D, skg6D, and tos2D) of the 11 deletion
mutants (Table 2). However, the boi2D, ent2D, and hua1Dmutants
(Fig. 1A) displayed delocalized Cdc24-647-854p in >95% of cells,
suggesting that these proteins inﬂuence Cdc24p targeting. The
boi2Dmutant also had abnormal localization of full-length Cdc24p,
and hua1D mutants exhibiting punctate cortical localization in
some cells (Fig. 1B). The boi1D and ent1Dmutants displayed prop-
er Cdc24-647-854p localization (data not shown), indicating thatBoi1p and Ent1p are not functionally redundant with Boi2p and
Ent2p in targeting Cdc24-647-854p. Ent2p and Ent1p are epsins re-
quired for endocytosis [18], so it is possible that Ent2p-mediated
endocytosis regulates Cdc24p targeting and the truncated Cdc24-
647-854p is more sensitive than full-length Cdc24p to an endocy-
tosis defect. A role for Hua1p in Cdc24p targeting is not obvious
from the limited data available on this protein. Hua1p binds to
the ubiquitin ligase Rsp5p and the endosomal sorting receptor sub-
unit Hse1p [19], so Hua1p could facilitate ubiquitination and endo-
cytosis of Cdc24p.
Tos2p and Skg6p share 35% amino acid sequence homology. The
tos2D and skg6D single mutants exhibited proper Cdc24-647-854p
localization (Fig. 2A and Table 2), however, 13% of small-budded
cells in the tos2D skg6D double mutant showed the unique pheno-
type of aberrant pre-anaphase localization at the mother-bud neck
region (Fig. 2A). A previous study indicated that Cdc24p is localized
at tips of enlarging buds pre-anaphase [10], so the aberrant local-
ization pattern may be the result of a loss of this anchoring. Tos2p
and Skg6p are predicted to be integral membrane proteins and
both localize with Cdc24p at growth sites [20,21], making them
good candidates for anchoring proteins.
3.1. Putative phosphorylation-site mutations affect localization
Cdc24p is hyper-phosphorylated at multiple residues during the
cell cycle, but the functional consequences of these phosphoryla-
Table 2
Summary of Cdc24-647-854p and Cdc24p localization data.
Mutant Protein function Cdc24-647-854p Cdc24p
air1D mRNA processing +a NT
akr1D Palmitoyl transferase + NT
boi1D Bud emergence + +
boi2D Bud emergence  
ent1D Endocytosis + +
ent2D Endocytosis  +
hua1D Actin patch assembly  +*1
she2D mRNA bud restriction + NT
skg6D Unknown + +
tos2D Unknown + +
tos2D skg6D Unknown +*2 +
+a: 30% of cells from an asynchronous population exhibited proper localization to
polarized growth sites as previously shown [4,10]; : <5% of cells from an asyn-
chronous population exhibited proper localization; +*1: punctate cortical localiza-
tion in addition to proper localization; +*2: pre-anaphase localization to the mother-
bud neck region in small-budded cells (n = 85 cells); NT: not tested.
K.C. Cole et al. / FEBS Letters 583 (2009) 3339–3343 3341tion events are unclear [6–8,22]. Cdc24p has six consensus CDK
phosphorylation-site sequences (S/T-P-X-K/R), and three of these
sites (Ser697, Thr704, and Ser811) are located within the TD–AD.
Ser697 and Thr704 were separately mutated to non-phosphoryla-
table Ala residues and phosphomimetic Glu residues. Mutant
Cdc24-S697Ap localized properly to incipient bud sites, but it local-
ized aberrantly at the mother-bud neck region in 31% of pre-ana-
phase cells (Fig. 2B), as was observed with GFP-Cdc24-647-854pFig. 2. Aberrant pre-anaphase targeting to the mother-bud neck region. Asterisks mark c
double mutants expressing GFP-Cdc24-647-854p were grown and observed as in Fig. 1.
panel, showing the aberrant localization. (B) BY4741 cells expressing GFP-Cdc24-S697A
observed as described above. (C) BY4741 cells expressing either GFP-Cdc24-S697A, T704
observed as described above. (D) BY4741 cells expressing GFP-Cdc24-Y200Fp were growlocalization in the tos2D skg6D double mutant. Mutants Cdc24-
S697Ep, Cdc24-T704Ap, and Cdc24-T704Ep all displayed proper
localization (Fig. 2B).
When these mutations were incorporated into Cdc24-647-
854p, the S697A mutant displayed the same aberrant localization
in 40% of pre-anaphase cells, whereas the T704A mutant had 10%
aberrant cells (data not shown). In the S697A, T704A double mu-
tant, 74% of pre-anaphase cells exhibited the aberrant phenotype
(Fig. 2C), suggesting a synergistic effect of these two mutations. Ta-
ken together, these data suggest that phosphorylation of Ser697
and Thr704 affect Cdc24p localization, possibly by altering
protein–protein interactions with Tos2p and/or Skg6p at the plas-
ma membrane. A recent mass spectrometry analysis identiﬁed
Ser697 as a phosphorylated residue, along with 34 other residues,
present in a puriﬁed Cdc24-TAP fusion protein from small-budded
cells [22]. However, Thr704 was not observed to be phosphory-
lated in this analysis, possibly due to the low abundance of this
phospho-residue or to a cell-cyle speciﬁc phosphorylation of
Thr704 at a different time in the cell cycle. In that study, mutation
of Ser697 to Ala in combination with several other phosphoryla-
tion-site mutations did not have a demonstrable effect on Cdc24
function or localization to the presumptive bud site or the cell cor-
tex, as we also observed in this study. However, aberrant pre-ana-
phase localization to the mother-bud neck region was not observed
in these multi-site phosphorylation mutants, which may be due to
multiple phosphorylation-site mutations masking the effects of
individual mutations.ells with aberrant localization. (A) tos2D and skg6D single mutants and tos2D skg6D
The right panel is a higher magniﬁcation of the indicated cell from the tos2D skg6D
p, GFP-Cdc24-S697Ep, GFP-Cdc24-T704Ap, or GFP-Cdc24-T704Ep were grown and
Ap (left panel) or GFP-Cdc24-647-854-S697A, T704Ap (right panel) were grown and
n and observed as described above.
Fig. 3. 2-D SDS–PAGE analysis was performed on immunoprecipitated proteins from cells expressing the indicated GFP-Cdc24p polypeptides as described in Section 2.
Proteins were visualized by immunoblotting with anti-GFP antibodies.
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vents targeting of Cdc24p to polarized growth sites [23]. Therefore,
the Tyr200 residue within the CH domain was mutated to a non-
phosphorylatable Phe residue. The mutant Cdc24-Y200Fp also dis-
played aberrant localization in 42% of pre-anaphase cells (Fig. 2D),
which reinforces the role of the CH domain in Cdc24p localization.
Tyr200 was also not observed to be phosphorylated in the mass
spectrometry analysis [22], possibly for the same reasons stated
above.
3.2. 2-D PAGE analysis of Cdc24-647-854p phosphorylation
2-D PAGE analysis was performed to resolve potential multiple
phosphorylation events within the TD–AD. Truncated GFP-Cdc24-
647-854p, with and without phosphatase treatment, and mutant
GFP-Cdc24-647-854-S697Ap were immunoprecipitated with a-
GFP antibodies and subjected to isoelectric focusing and SDS–PAGE
(Fig. 3). Addition of phosphates to a polypeptide results in a more
acidic (lower pI) polypeptide that migrates to the left (lower pI) of
unphosphorylated polypeptide in 2-D PAGE. Four evenly spaced
isoelectric species were observed for GFP-Cdc24-647-854p
(Fig. 3A), and phosphatase treatment collapsed the four isoelectric
species into one spot that co-migrated with the highest pI species
(Fig. 3C). These data are consistent with the far right (highest pI)
species being unphosphorylated GFP-Cdc24-647-854p and the
three other species being different phosphorylated forms of GFP-
Cdc24-647-854p. Only three isoelectric species were observed
with mutant GFP-Cdc24-647-854-S697Ap (Fig. 3B), indicating that
the S697A mutation resulted in the loss of a phosphorylated spe-
cies. The affected phosphorylated amino acid may be Ser697 itself,
or the S697A mutation could affect the phosphorylation of another
residue within the TD–AD, possibly Thr704. Phosphorylation of
Ser697 and Thr704 seems to be important for Cdc24p anchoring,
as evidenced by the increase in aberrant pre-anaphase localization
seen in the Cdc24-S697A, T704Ap double mutant over the two sin-
gle mutants (Fig. 2C).
Although the Cdc24p-interacting proteins identiﬁed herein
(Boi2p, Ent2p, Tos2p, Skg6p, and Hua1p) may have diverse biolog-
ical functions, their common role in the targeting and anchoring of
Cdc24p may provide insights into the mechanisms by which other
asymmetrically targeted RhoGEF proteins are localized. Future
experiments will address the role of these proteins and Cdc24p
phosphorylation events in Cdc24p targeting and anchoring at
polarized growth sites.Acknowledgments
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